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Motivation 


'Tailored  EM  Response 

-  Engineered  Constitutive  Props: 
Permittivity,  Permeabiiity, 
Magneto-eiectric  coupiing 

-  Frequency-dependent 

-  Anisotropic 

-  inhomogeneous 

'Impressive  Results:  Lab  Env. 
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Motivation 


*  Defense  Systems  Operate  in  Extreme  Environments 

*  Require  abiiity  to  understand  and  predict  performance 
before  transitioning  into  Operational  Platforms 

-  Temperature  Changes 

-  Mechanical  Loading 

*  Large  Structures,  Dynamic  Environment,  Many  Unique 
Unit  Cell  Designs 
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Analytic  Expressions  for 
Constitutive  Parameters 


'Analytic  Expressions  for  c  and  p 

-  ELC  Unit  Cell 

-  Source  is  external 

-  Prediction  of  full  Structure’s  Performance 
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Alternate  Form  of  the  Lorentzian  Term 
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Metamateriars  Strain-  and  Temperature-Dependence 
can  be  FULLY  described  via  R,  L,  Cj^t,  C^xt 
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Equivalent  Circuit  Expressions 


*  Equivalent  circuits  expressions  are  functions  of 
geometry  and  materials  properties 

-  Mechanical  Strain:  Change  in  Geometry 

-  Temperature  Change:  Mechanical  Strain  and  Changes  in  Material 
Properties 


c  =  c  -c 

if  fj 

C,  =  -ln|  2J3—  W 


*  Utilized  full  wave  simulation  to  assess  parameter  values 
at  baseline  condition 

-  Expressions  utilized  to  determine  changes  in  value  as  a  function 
of  strain  and  temperature 

-  Minimizes  errors  from  inaccurate  expressions 
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Strain-Dependence 
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Temperature-Dependence 
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Low  Modulus  Substrates 


*  Previous  analysis  utilized  thick,  high-modulus  substrates 

-  Homogeneous  Strain  Profile 

-  Simplified  integration  into  analytic  expressions 


*A  soft  substrate  complicates  the  strain  profile 

-  Utilize  shear-lag  models  to  describe  the  different  strain  levels  in 
the  copper  and  dielectric 

-  Modifies  geometry  from  previous  equivalent  circuit  expressions 
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Low  Modulus  Substrate 
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Testing 


Facility  at  Duke  University 

-  Loadframe 

-  RF  Characterization 

Photogrammetry 

-  Large  area  strain  mapping 

Mechanical  Characterization 

-  At  AFRL 

-  Material  Props  did  not  meet 
vendor  specifications 
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Test  Results 


*  Predicted  different  shifts  for  the  different  sampies 

*  Understanding  EM  performance  requires  knowiedge  of 
the  fuii  strain  vector 


Pyralux,  V20Z 
Cu,  Sample  1, 
2400  lbs 

Pyralux,  Vioz 
Cu,  Sample  2, 
2400  lbs 

Pyralux,  loz 
Cu,  Sample  1, 
2400  lbs 

Pyralux,  loz 
Cu,  Sample  2, 
2400  lbs 

5880, 

Sample  1 , 
1200  lbs 

5880, 

Sample  1, 
1600  lbs 

5880, 
Sample  2, 
1250  lbs 

^XX  (^) 

-1.12  to 
-1.06 

-1.12  to 
-0.99 

-1.25  to 
-1.19 

-1.12  to 
-1.06 

-0.73  to  - 
0.59 

-1.26  to 
-0.99 

-0.79  to 
-0.66 

Eyy(^) 

4.16  to 

4.3 

4.03  to 

4.1 

3.76  to 

3.96 

4.03  to 

4.1 

1.10  to 
1.14 

1.83  to 
1.87 

1.10  to 
1.14 

Predicted 

A/o  (GHz) 

-0.032 

-0.030 

-0.020 

-0.029 

+0.009 

+0.018 

+0.012 

StDev 

A/o  (GHz) 

0.002 

0.003 

0.002 

0.001 

0.006 

0.003 

0.003 

Test  Results 
(GHz) 

-0.039 

-0.032 

-0.026 

-0.029 

+0.011 

+0.018 

+0.013 
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The  Process 


*  Baseline  EM  Parameters  Extracted  from 
Full-Wave  Simulations 

*  Strain/Temp  Profiles  pulled  from  Finite 
Element  Software 

'Simple  Scripts  executed  to  determine  EM 
Parameters  at  given  strain/temp  condition 
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Conclusions 


*  Analytic  Expressions  are  powerful  tools  for  describing  metamaterial 
strain/temp-dependence 

-  Provide  insight  into  physics  behind  iinkage 

-  Enabie  accurate  prediction  over  the  continuum  of  strains/temps 

-  Rapid  description  of  properties;  >10^  redux  in  modei  compiexity 

-  Rapidiy  predict  strain/temp-dependence  for  unit  celis  in  same  design  “family” 

*  Enable  efficient  determination  of  EM  performance  of  large  structures, 
with  multiple  unit  cell  designs,  under  complicated  strain/temp  profiles 

*  Care  must  be  exercised  in  choosing  appropriate  analytic  expressions 

-  Circuit  eiements 

-  Constitutive  properties 

*  Process  extendable  to  other  unit  cell  designs 

-  Magnetic  metamateriais/SRRs 

-  Owing  to  simiiar  anaiytic  expressions  and  circuit  eiements 
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